INTRODUCTION
Many communities owe much of their prosperity to advantages offered by adjacent and nearby streams, the more important being adequate commercial and municipal water supplies, navigation, power development and recreation.
Adverse effects, however, are experienced when high flows occur in the form of floods causing loss of life and damage to property which have to be mitigated by employing economically feasible structural measures such as levees, flood walls and channel improvement. However, these types of measures cannot eliminate completely the hydraulic risk, given the impossibility of building larger and larger structures to cope with extremely low probability events. Therefore, an important role remains for non-structural measures to be compared, evaluated and actuated in real time. Flood forecasting is an important non-structural measure for flood damage reduction and for minimising flood-related deaths and, hence, its implementation as an effective tool requires accurate flood forecasting with sufficient lead time. Hence, it is essential that flood forecasting methods should be physically based, less data intensive and, over and above, should be easily understood by the field engineers.
Every flood forecasting model operates in two modes: the simulation mode, and the operation mode (on-line forecas ting). A flood forecasting model in the simulation mode attempts to reproduce the response of the system for past recorded precipitation or upstream input flow. The response the model structure is changed or the parameters are modified until the match is satisfactory. Once the structure of the model and its parameters have been identified during the calibration phase, the model can be used for forecasting purposes and it is said to be used in operational mode.
While the basic structure of the model is not changed in the operational mode, the parameters need to be changed to reflect the current catchment conditions due to the variation of the input. 
VARIABLE PARAMETER MUSKINGUM STAGE-HYDROGRAPH ROUTING METHOD
The physically based VPMS hydrograph routing method was developed by Perumal & Ranga Raju (1998a, b) directly from the Saint Venant equations. The form of the routing equation developed is the same as that of the Muskingum method, replacing the discharge variable by the stage variable, which is the reason for adherence to the term ''Muskingum''.
Further, the parameters vary at every routing time interval and they are related to the channel and flow characteristics by the same relationships as established for the physically based Muskingum method (Apollov et al. 1964; Cunge 1969; Dooge et al. 1982; Perumal 1994a, b) . The detailed development of the method can be found in Perumal & Ranga Raju (1998a, b) and Perumal et al. (2007) . Only the equations relevant to this study are presented here.
Using the Approximate Convection-Diffusion equation of the following flow depth formulation (Perumal & Ranga Raju 1999) :
the Muskingum-type routing equation can be arrived at as (Perumal 1998a )
where y u and y d denote the flow depths at the upstream and downstream sections of the Muskingum reach, respectively.
The travel time K can be expressed as
where Dx is the length of the Muskingum reach and c 3 is the wave celerity.
The weighting parameter y, after neglecting the inertial terms, can be expressed as
The subscript 3 attached to different variables in Equations (3) and (4) denotes the evaluation of these variables at section 3, at which the normal discharge corresponding to the flow depth at the middle of the Muskingum reach passes during unsteady flow (see Figure 1) ; Q denotes the discharge;
S 0 is the bed slope and @A/@y is the top width of the water surface.
Using Equations (3) and (4) in Equation (2) and expressing it as a difference equation leads to a form similar to that of the Muskingum routing equation, but using flow depth as the operating variable, and it is expressed as
where y u,jDt and y d,jDt denote the observed upstream and the estimated downstream flow depths at time jDt, respectively;
and y u,(jÀ1)Dt and y d,(jÀ1)Dt denote the observed upstream and downstream flow depths at time (j-1)Dt, respectively. The notation Dt is the routing time interval, and the coefficients C 1 , C 2 and C 3 are expressed as
It has been shown by Perumal et al. (2007) where y m is the main channel depth; A main , P main , and R main represent the flow area, the wetted perimeter and the hydraulic radius for the main channel, respectively; and Q main is the discharge of the main channel section.
The wave celerity for flow in the compound channel is computed as (Perumal et al. 2007) c compound ¼ 5 3 (shown in Figure 2 ), respectively; A 1 , P 1 , A 2 and P 2 denote the flow area and wetted perimeter of the two floodplains, respectively; and A compound is the total flow area of the compound channel.
The flow velocities in the main channel and in floodplains 1 and 2 of the compound channel are evaluated as
where R main , R 1 and R 2 denote the hydraulic radius of the main channel section and of the floodplains 1 and 2 of the compound channel section, respectively; and n is Manning's roughness coefficient.
Figure 1 9 9 9 9 Definition sketch of the stage-hydrograph routing method.
VPMS MODEL FOR REAL-TIME APPLICATION
In order to apply the VPMS method for real-time forecasting purpose, the routing equation given by Equation (5) has to be suitably modified considering a forecast lead time,
whereŷ denotes the forecast stages, and e f;ðjDtþT L Þ is the error of forecast, that is, the difference between the observed stage and the corresponding forecasted stage at the site of forecast interest. It can be inferred from Equation (10) . However, only the last one is known, being the forecast estimate of the downstream stage assessed at the previous time of forecast, (j-1)Dt. Therefore, in order to apply Equation (10) for estimation ofŷ d;ðjDtþT L Þ , the following assumption has to be made based on no-model hypothesis:
where y u ,j Dt is the last upstream observed stage.
Using Equation (11)) in Equation (10), the final forecasting model is expressed aŝ
In Equation (12), the minimum T L is Dt, the routing time interval at which the stage measurements are made, and this In order to estimate e f;ðjDtþT L Þ in Equation (12) where e obs,jDt and e obs,(jÀ1)Dt are the forecasting errors estimated at time jDt and (j-1)Dt, respectively, and E ðjDtþT L Þ is the random error (white noise).
Forecasting using Equation (13) can be made only after the lapse of certain initial period of the forecasting event, known as the warm-up period. The difference between the observed stage and the VPMS routed stage in the warm-up period is considered as the actual error and its series is assumed to be stochastic in nature. The initial parameters a 1 and a 2 of the error update model are assessed using this error series estimated in the warm-up period. The duration of initial warm-up period considered for developing the error update model should not be too long to avoid that the forecasting exercise becomes of no practical use for forecasting the given event, and, at the same time, it should not be too short resulting in numerical problem while estimating the parameters a 1 and a 2 using the least squares approach.
However, in this study, the error updating model given by Equation (13) To study the applicability of the proposed forecasting model, 12 flood events recorded concurrently at Pierantonio and Ponte Felcino stations were used. The details of these events, each recorded at half -hour intervals, are shown in Table 1 , where also the details of wave travel time, percentage of lateral flow and actual and equivalent trapezoidal peak flow depths at both the stations are reported. As can be seen, on the basis of the selected events, the mean flood wave travel time for the investigated river reach is nearly equal to 1.5
hours.
The accuracy of the proposed forecasting model was studied using a warm-up period of 5 hours and considering five different forecast lead times (1.0, 1.5, 2.0, 2.5 and 3.0 hours). The efficiency of the forecast was evaluated using two criteria: (1) the Nash-Sutcliffe (NS) efficiency coefficient (Nash & Sutcliffe 1970) and (2) the Persistence Criterion (PC). As the NS coefficient is well known in hydrological literature (ASCE 1993) , only the Persistence Criterion is explained here. It compares the prediction of the proposed model against that obtained by the no-model, which assumes a steady state over the forecasting lead time, and is evaluated as Tables 2-6 reach and, also received unaccounted lateral flow (see Table 1 ). It can be inferred from Tables 2-6 that the proposed approach and STAFOM are characterized by similar and high accuracy. However, it can be observed that the VPMS method provides, on average, more accurate forecast stage values for a forecasting lead time, T L , of 1.0 and 1.5 hours, whereas for higher T L values, the STAFOM estimates seem to be more reliable. Table 5 9  9  9  9 As Table 2 , but for a lead time of 2.5 hours
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CONCLUSIONS
The application of a VPMS hydrograph routing method for real-time flood forecasting at a river gauging site is demonstrated in this study. Based on the forecasting performance for several investigated events, one can infer that the proposed model has the potential for practical forecasting applications in hydrometric data-based modelling provided that the adopted forecasting lead time is not longer than the mean wave travel time of the selected river reach, which for the investigated case study can be assumed equal to 1.5-2.0 hours. Further investigations on different case studies have to be carried out in order to verify the proposed forecasting model accuracy and, furthermore, it would be advisable to extend the model formulation to take into account significant lateral flow contribution entering along the selected river reach. 
